Hirschsprung disease (HSCR) is a congenital developmental defect of the enteric nervous system known to be associated with the RET-protooncogene and other candidates. Recently, a genome-wide association study has added NRG1, a regulator of the development of the enteric ganglia precursors, as a new candidate gene. The aim of this study is to validate the association of the RET-protooncogene and the NRG1 in HSCR in Thai patients. The study used TaqMan single-nucleotide polymorphism (SNP) genotyping and PCR-restriction fragment length polymorphism for genotyping of 10 SNPs within the RET-protooncogene and four SNPs within the NRG1, in 68 Thai sporadic HSCR cases and 120 ethnic-matched controls. On univariate disease association analysis, 9 of 10 RET-protooncogene SNPs and all four NRG1 SNPs showed an association with HSCR. The rs2435357 (RET-protooncogene) and rs2439305 (NRG1) showed the strongest associations with the disease at P-values of 8.17E-09 (odds ratio (OR)¼6.43, 95% confidence intervals (CI)¼3.33-12.40) and 6.94E-03 (OR¼3.28, 95% CI¼1.28-8.38), respectively. The RET-protooncogene rs2435357 (TT genotype) in combination with the NRG1 rs2439305 (GG genotype) was strongly associated with an increased risk of HSCR with a P-value of 1.99E-04 (OR¼20.34, 95% CI; 2.54-162.78) when compared with a single SNP of the RET-protooncogene or NRG1. Genetic variation of the RET-protooncogene and NRG1 is involved in the risk of HSCR development in the Thai population. Moreover, the study also detected a combined effect of SNPs by SNP-SNP interaction, which may help in predicting HSCR risk.
INTRODUCTION
Hirschsprung disease (HSCR) or congenital megacolon (OMIM 142643), one of the complex genetic disorders, is characterized by functional colonic obstruction secondary to an absence of ganglion cells in the distal part of the gastrointestinal tract. 1 The incidence of this disease is generally 1 per 5000 of live births, with males about 3.5-7.8 times more likely to be affected than females. 2, 3 There are also differences among races, with a higher incidence in Asians at 2.8 per 10 000 of live births. 4 The incidence of HSCR in Thailand has never been studied, but it is believed to be more prevalent in the southern part of the country. 5 The etiology of HSCR is multifactorial, involving multiple genetic and environmental factors. 6 To date, at least 11 genes have been identified as susceptibility loci in HSCR: RET-protooncogene, GDNF, NTN, EDNRB, EDN3, SOX10, ECE-1, ZFHX1B, PHOX2B, KIAA1279 4, 6 and the most recently found, NRG1, identified by a genome-wide association study (GWAS). 7, 8 The RET-protooncogene encodes a tyrosine kinase receptor and belongs to a signaling pathway, which has essential roles in the development of the enteric nervous system. [9] [10] [11] Recent studies have suggested the RET-protooncogene as a major locus involved in HSCR pathogenesis. [11] [12] [13] Single-nucleotide polymorphisms (SNPs) of the RET-protooncogene have been demonstrated to have an association with HSCR in various studies in Asians, [12] [13] [14] [15] [16] the majority of these studies were conducted in East Asian populations.
NRG1 was identified as a novel HSCR susceptibility gene in a recent GWAS report, having roles in neuronal development and migration, synaptogenesis and neuronal transmission by binding to ErbB receptors. 7 In this study, we selected two genes on the basis that the RETprotooncogene is already known to be associated with the disease and NRG1 as a novel gene that it would be of interest to have validated in our population. In addition, both genes have functions in neuronal development, where they possibly interact with each other. 4, 7 However, an association in terms of genetic epidemiology between NRG1 and RET-protooncogene has not been previously reported. In this study, we aimed to investigate any potential associations between SNPs on the RET-protooncogene and NRG1 genes, and HSCR. A secondary objective was to study the SNP-SNP interactions between the two genes, with an aim to develop a useful marker for disease prediction.
MATERIALS AND METHODS

Study subjects
The study was approved by the Research Ethics Committee of the Faculty of Medicine, Prince of Songkla University. A total of 68 patients, ages 0-15 years, with histologically proven HSCR, who underwent surgery in our institute during the years 2003-2009, were recruited into the study following informed consent. The disease severity of each patient was categorized by the extent of aganglionosis. Long-segment HSCR was defined as aganglionosis that extended proximal to the recto-sigmoid region including total colonic aganglionosis, whereas the remaining cases were grouped as short-segment HSCR. The controls were 120 ethnic-matched healthy volunteers, aged 415 years, with no history of chronic constipation. A control group that was not age-matched was used on purpose, because we needed to be certain that the controls did not have the disease. None of the subjects were related to any other subjects in the study.
Selection of candidate genes and SNPs
The two candidate genes, RET-protooncogene and NRG1, were chosen based on the data from the GWAS referred to earlier, 7 and our own previous study. 5 The haplotype tagging SNPs were selected from the International HapMap project database, based on criteria of r 2 more than 0.8 and minor allele frequency more than 0.05 on individual genotyping.
Among the 10 SNPs in the RET-protooncogene, we included one SNP (rs2435357) that indicated a marker SNP from the published GWAS, 7 one tagSNP rs2506011 in intron 1 based on the HapMap database and linkage disequilibrium (LD) information in the Chinese population, which was assumed to be closely related genetically to the Thai population. The SNP rs2506011 was in the same LD block with rs2435357. 7 To complete the fine mapping within the region where rs2506011 belonged to, five captured SNPs of rs2506011 (rs2505540, rs2506021, rs2506020, rs2506010 and rs3123655) were picked. In addition, three SNPs from our previous study 5 (rs1800858, rs1800861, rs1800862) were included for re-validation.
Regarding the NRG1 SNPs, rs16879552 and rs7835688 were selected from the GWAS data. 7 We also included the tagSNP rs2439305, which was in the same LD block as rs16879552 and rs7835688, according to the HapMap database. The SNPs were located within the suspected HSCR-susceptible region in intron 1. As this study was considered an early association study on NRG1 and HSCR, we did not focus on a complete fine mapping for the intron 1 of NRG1, and captured SNPs were not included. Additionally, we decided to explore the rs2919381, a non-coding SNP in intron 5, which was predicted to be an intronic enhancer by the FASTSNP program, 17 which is a program that prioritizes SNPs based on their functional effects. The rs2919381 was among the non-coding SNPs that had high-risk scores and were located some distance away from the first group.
SNP genotyping
Genomic DNA extraction. Genomic DNA was extracted from frozen colonic tissues taken from the 68 HSCR cases, and from peripheral blood leukocytes of the 120 control samples, using the QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany).
TaqMan SNP genotyping assays. Thirteen SNPs from the two genes were genotyped using custom TaqMan SNP Genotyping Assays on the 7900HT Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The TaqMan probes were VIC-and FAM-dye-labeled. The PCR used 10 ng of genomic DNA in a total reaction volume of 5 ml that consisted of TaqMan universal master mix (Applied Biosystems) 2.5 ml and a 40Â primer-probe mixture 0.125 ml. Mock (no template) controls were included in each run. Each reaction was amplified at 95 1C for 10 min, followed by 40 cycles of 95 1C for 15 s and 60 1C for 1 min.
PCR-restriction fragment length polymorphism
To genotype the c135 G/A polymorphisms of the SNP rs1800858, PCR amplification of exon 2 of the RET-protooncogene was performed as presented in our previous study. 5 Briefly, the 390 bp amplified fragment was cut using the BstZI enzyme (Promega, Fitchburg, WI, USA) according to the manufacturer's instructions. The digested products were analyzed on 3% agarose gel, in which individuals with GG (major allele homozygosity) showed two bands of 107 and 283 bp, those with GA (heterozygosity) showed three bands of 107, 283 and 390 bp, and those with AA (minor allele homozygosity) showed a single undigested band of 390 bp (not shown).
Genotyping quality control
We compared genotype call rates and concordances among each individual study and the overall study. We used the following criteria as a measure of acceptable genotyping: (1) 410% sample duplicates included; (2) concordance rate for the duplicates X98%; (3) overall call rate by study 495%, and (4) call rates 490% for each individual 384-well plate. The data for any SNP failing these criteria in any assays were excluded from the final analyses. The HardyWeinberg Equilibrium was checked for all SNPs (P40.05).
Available oligonucleotide sequences and the genotyping method used with each SNP are shown in Table 1 according to their genomic context. The GenBank accession numbers of the RET-protooncogene and NRG1 reference sequences used in this study were NT_033985.6 and NT_007995.14, respectively.
Statistical analysis
For statistical analysis of the SNP association with the disease, both overall analysis and subgroup analysis (Thai-Chinese and Thai-Muslim), we used Fisher's exact test with a two-by-two contingency table under allelic, dominant and recessive inheritance models. P-values were two-tailed and a value of less than 0.05 was considered statistically significant. Correction for multiple parameters used a conservative Bonferroni correction for the 14 SNPs studied (Po0.05/14 SNPs¼0.0036). Odds ratios (OR) and 95% confidence intervals (CI) were calculated on the risk genotypes.
The pairwise LD tests and haplotype analyses were performed with the Haploview software (www.broad.mit.edu/personal/jcbarret/haploview).
The SNP-SNP interaction analysis was conducted on the two genes to construct a combined allelotype that was associated with the disease. To examine whether marker combination may possess better predictability than individual marker alone, based on the parameters such as the most significance level, OR and frequency of the SNP allele were selected for disease marker. We selected rs2435357 (RET-protooncogene) and rs2439305 (NRG1) for the SNP-SNP interaction analysis, as the two genes that showed the most significant disease association. For gene-gene interactions, the multiplicative interaction effect of the SNPs was estimated using a multiple logistic regression model. For each individual, key variables were defined as a binary variable indicating casecontrol status, with SNP variable ranging from 0 to 2, indicating the number of risk alleles in an individual subject, according to the method described by Lewis. 18 
RESULTS
Characteristics of the study population
Of the 68 Thai patients with sporadic HSCR included in the study, there were 50 patients with short-segment HSCR (73.53%), 14 patients with long-segment HSCR (20.59%) and four patients with total colonic aganglionosis (5.88%). There were two patients with Down's syndrome (2.94%). The male to female ratio was 59:9 or 6.6:1. Table 2 compares sex, age, and race between the cases and the control group. There were significant differences in sex and age, but 
Abbreviations: RFLP, restriction fragment length polymorphism; SNP, single-nucleotide polymorphism.
Genetic polymorphisms and Hirschsprung disease T Phusantisampan et al other parameters including ethnic group and severity of the disease were comparable between the two groups. There was no statistically significant difference in genotype distribution between the two ethnic groups studied. Also, the genotype distribution had no significant difference between sexes.
Association between the SNPs in the RET-protooncogene and HSCR A total of 10 SNPs within the RET-protooncogene were genotyped in 68 cases and 120 controls. Of these, nine SNPs were successfully genotyped by the TaqMan SNP genotyping assay technique, and the remaining one (rs1800858) was studied by PCR-restriction fragment length polymorphism. The results of allelic and genotyping associations in the RET-protooncogene are summarized in Table 3 . Significant associations between seven haplotype tagging SNPs in intron 1 of the RET-protooncogene and HSCR were demonstrated in our study. As shown in Table 3 , the most significant P-value was 8.17E-09 with an OR of 6.43 (95% CI 3.33-12.40). The allele, genotype and haplotype block identified by seven SNPs (rs2506010, rs2506011, rs2506020, rs2435357, rs2506021, rs2505540 and rs3123655), spanning an area of 23-kb core-risk haplotype surrounding intron 1 of the gene, are strongly associated with the disease as shown in Figure 1 . Pairwise LD for all possible pairs of SNPs was calculated for cases and controls. We found a strong LD (D¢40.94) in all seven non-coding region SNPs. Haplotype analysis showed that these seven risk-associated alleles presented in the same risk haplotype (TTTTTAC) of all subjects; in both the Thai-Chinese and Thai-Muslim subgroups with a P-value¼8.63E-08 (OR¼3.64, 95% CI¼2.24-5.92), a P-value¼ 2.05E-07 (OR¼5.44, 95% CI¼2.77-10.67), and a P-value¼7.28E-02 (OR¼2.02, 95% CI¼0.97-4.20), respectively (Supplementary Table S1 ).
Association between the SNPs in NRG1 and HSCR All four SNPs were successfully genotyped by the TaqMan SNP genotyping assay. The results of association analysis for SNPs of the NRG1 and HSCR are summarized in Table 4 . All SNPs studied had significant disease association; however, this association was shown to be marginal when the Bonferroni correction for multiple markers was performed (Figure 2) . A pairwise LD test demonstrated that that three non-coding region SNPs in NRG1 (rs16879552, rs7835688 and rs2439305) showed a strong LD (D¢¼1). Haplotype analysis showed significant associations between the risk alleles (CCG) and all HSCRs at a P-value of 6.72E-03 (OR¼1.90, 95% CI¼1.21-2.99). When ethnic subgroup analysis was performed, the NRG1 haplotype showed disease association in the Thai-Chinese patients at a P-value of 2.25E-02 (OR¼1.99, 95% CI¼1.11-3.57), but not in Thai-Muslim with P-value¼1.37E-01 (OR¼1.79, 95% CI¼0.87-3.72).
SNP-SNP interaction of the network that governs the development of the enteric nervous system-related genes The rs2435357 (RET-protooncogene) and rs2439305 (NRG1) were identified as the most significant markers associated with HSCR in our cohort. Analysis of the combined genotypes of these two genes revealed a significant increase in HSCR risk with increasing numbers Genetic polymorphisms and Hirschsprung disease T Phusantisampan et al of putative high-risk alleles. 
DISCUSSION
In this study, two candidate genes that are known to be involved with control of the development of the enteric nervous system, RETprotooncogene and NRG1, were simultaneously examined using a real-time PCR-based genotyping technique. Using the model of genetic susceptibility in multifactorial disease, we identified disease association of the genetic variants in RET-protooncogene and NRG1 with sporadic HSCR in Thai patients. The RET-protooncogene, located on chromosome 10, is composed of 21 exons and encodes a 52.42 kb size tyrosine kinase receptor involved in growth, migration and differentiation of enteric neurons. 19 According to GWAS data, 7 rs2435357 represents a marker for an LD locus in the RET-protooncogene that needs further investigation. Functionally, rs2435357 has been proven to lie in the enhancer-like sequence within intron 1 of the RET-protooncogene. 20 To conduct a fine-mapping study for the most significant genetic variants associated with HSCR in the Thai population, more haplotype tagging SNPs covering intron 1 of the RET-protooncogene were included in our analysis. We further genotyped for rs1800858, rs1800861 and rs1800862, which have been reported to have disease association in previous studies. 21, 22 Using a high-throughput genotyping technique, our case-control study successfully validated an association between HSCR in the Thai population and the SNP within the LD block of the RET-protooncogene with a high OR.
NRG1, a 1.1-Mb gene located on chromosome 8p12, belongs to a family of structurally related glycoproteins that act as multifunctional factors that bind to ErbB receptors and are involved in neuronal cell differentiation. [23] [24] [25] [26] A HapMap database constructed from a GWAS has suggested a statistically significant association between the SNPs under the LD block in NRG1 and HSCR. 7 A recent validation study in the Chinese population also confirmed this disease association.
Focusing on the SNPs within NRG1, our study found an association between NRG1 polymorphisms and HSCR in Thais at a comparable OR with the Chinese study noted above. 7 We further evaluated the interaction between the RET-protooncogene and NRG1 by analyzing the combination of landmark SNPs from the two genes for any disease association. Our main finding was that genetic interactions significantly modulated the risk for HSCR in our Thai casecontrol subjects. Interestingly, the combination between polymorphisms of RET-protooncogene and NRG1 was associated with a 20-fold increased risk of the disease in individuals who carried the risk alleles of these polymorphisms compared with individuals whose genotype contained neither risk allele. These results are in line with a previous study that demonstrated interactions between rs2435357 in RET-protooncogene, and the rs16879552 and rs7835688 in the NRG1 in the Chinese population, 7 in the way that the two NRG1 SNPs reported in their study were in high LD with the rs2439305 SNP reported in this study. NRG1 is involved in neuronal development by promoting neuronal survival, whereas the RET-protooncogene may perform proliferative and/ or main differentiation functions. 8, 25 The mechanism of interaction between the two genes is still not well understood, because very few studies have considered such interactions, and therefore, it would be pure speculation to try to explain the interactions found in this study on the basis of known functions. However, epidemiological analyses of interacting variants will lead to a better understanding of the biological pathways underlying HSCR. Considering a relatively high specificity, a SNP or a combination of SNPs can be used as a disease marker together with clinical parameters for screening for HSCR in individual cases. Further prospective validation studies with a larger number of participants are required to confirm the predictive power of the markers.
Our study found that real-time PCR with Taqman probes is a rapid and simple method for SNP genotyping. To our knowledge, this is the first study that has used a fluorescence-based SNP detection assay for genotyping RET-protooncogene and NRG1, as previous studies have usually used PCR-direct sequencing, single-stranded conformation polymorphisms and restriction fragment length polymorphisms. 5, 13, 14, 16, 20, 21 This fluorescence-based technique relies on different properties of two probes that are specific to the alleles of interest, each labeled with different fluorescent markers. It offers several advantages compared with older techniques; not only does it feature high specificity and accuracy, but also not requiring a post-amplification step reduces the time and cost of genotyping. In this study, only one of the SNP (rs1800858) failed to use this method. In conclusion, we identified SNPs in RET-protooncogene and NRG1, which were disease-associated with Thai HSCR. We also demonstrated epidemiological interaction between the two genes.
